Switching between responses is a key executive function known to rely on the frontal cortex and the basal ganglia. Here we aimed to establish with greater anatomical specificity whether such switching could be mediated via different possible frontal-basal-ganglia circuits. Accordingly, we stimulated dorsal vs. ventral contacts of electrodes in the subthalamic nucleus (STN) in Parkinson's patients during switching performance, and also studied matched controls. The patients underwent three sessions: once with bilateral dorsal contact stimulation, once with bilateral ventral contact stimulation, and once Off stimulation. Patients Off stimulation showed abnormal patterns of switching, and stimulation of the ventral contacts but not the dorsal contacts normalized the pattern of behavior relative to controls. This provides some of the first evidence in humans that stimulation of dorsal vs. ventral STN DBS contacts has differential effects on executive function. As response switching is an executive function known to rely on prefrontal cortex, these results suggest that ventral contact stimulation affected an executive/associative cortico-basal ganglia circuit.
Introduction
Switching is the ability to flexibly change between tasks or response sets (Monsell, 2003) and depends upon the frontal cortex and basal ganglia (Aron et al., 2003; Cools, van den Bercken, Horstink, van Spaendonck, & Berger, 1984; Cools, Ivry, & D'esposito, 2006; Isoda & Hikosaka, 2008; Mars et al. 2009; Neubert, Mars, Buch, Olivier, & Rushworth, 2010; Redgrave et al., 2010; Robbins, 2007; Yehene, Meiran, & Soroker, 2008) . However, it is still unclear whether an anatomically specific frontal-basal ganglia circuit supports this type of executive function in humans. To address this, we used deep brain stimulation (DBS) to electrically modulate a part of the basal ganglia, the subthalamic nucleus (STN), while measuring switching performance in patients with Parkinson's disease (PD). The patients' DBS electrodes were implanted in the STN of both hemispheres, and each electrode had multiple contacts through which stimulation could be delivered. Thus, we could target bilateral stimulation through either dorsal or ventral contacts, with the intention of affecting different putative STN subregions. Stimulation of this kind affects the STN itself, and also the connected basal ganglia and cortical circuitry (e.g. Cavanagh et al., 2011; Swann et al., 2011) , possibly in a manner that is specific to the STN subregion being stimulated (Hershey et al., 2010) . There is however some controversy about how many STN subregions there are and where they are located. While many tract-tracing studies in the rodent and monkey have identified up to three STN subregions whose different connectivity profiles suggest a dorso-lateral STN sensorimotor circuit, a ventral STN executive/associative circuit, and a ventro-medial limbic circuit (Alexander & Crutcher, 1990; Joel & Weiner, 1997; Karachi et al., 2005; Parent & Hazrati, 1995a , 1995b Temel, Blokland, Steinbusch, & Visser-Vandewalle, 2005 ) (also see Brunenberg et al., 2012; Haynes, Lehman, Feekes, & Haber, 2011) , a recent review of structural imaging and tract-tracing studies by Keuken et al. (2012) indicates that a consensus has not been reached concerning the existence of separate STN subdivisions (with perhaps the greatest evidence for two subdivisions and much variability in anatomy). Here, we assumed that the STN has two or more subdivisions, one of which might be executive, and we opted for a neurostimulation approach to test for a functional dissociation. We hypothesized that ventral contact stimulation would affect switching as the ventral STN sector has been linked to the putative associative/executive circuit with prefrontal cortex.
We used a response switching task that has been shown, in humans, to implicate the prefrontal cortex (Mars et al., 2009; Neubert et al., 2010) and, in monkeys, to specifically implicate the ventral STN (Isoda & Hikosaka, 2008 
